Surface heat flow calculations for the Amenthes region of Mars can be independently performed using the depth to the brittle-ductile transition and the effective elastic thickness of the lithosphere estimated for the Late Noachian/Early Hesperian (equivalent to an estimated absolute age of ∼3.6-3.8 Ga). This, along with crustal heat production rates estimated from heat-producing elements abundances, permits us to put constraints, for that particular place and time, on both the thermal and mechanical properties of the lithosphere and the crustal thickness. The depth to the brittleductile transition deduced from modeling of the topography of Amenthes Rupes is 27-35 km, and the associated surface heat flow is 26-37 mW m − 2 .
Introduction
Estimations of crustal thickness for Mars have been proposed from several methods: inversions of gravity and topography (e.g., Zuber et al., 2000; Nimmo, 2002; Neumann et al., 2004) or geoid and topography relations, moment of inertia constraints (e.g., Sohl and Spohn, 1997; Bertka and Fei, 1998a,b) , compositional and isotopic mass-balance (Normam, 1999 (Normam, , 2002 McLennan, 2001; Wieczorek and Zuber, 2004; Taylor et al., 2006) , or requirements for the maintenance of crustal thickness variations against relaxation due to flow of the lower crust Nimmo and Stevenson, 2001 ). These estimations assume constant crustal density as a necessary simplification. By simultaneously considering several geophysical and geochemical considerations, the average thickness of the Martian crust has been constrained to be between 38 and 62 km ).
Calculations of surface heat flow on Mars (or, equivalently, thermal gradients) have been performed from the effective elastic thickness of the lithosphere (Solomon and Head, 1990; Anderson and Grimm, 1998; Zuber et al., 2000; McGovern et al., 2002 McGovern et al., , 2004 Kiefer, 2004; Grott et al., 2005; Kronberg et al., 2007) or from the depth to the brittle-ductile transition beneath large faults (Schultz and Watters, 2001; Schultz and Lin, 2001; . Ruiz et al. (2006a,b) have pointed out the importance of taking into account crustal heat sources in the calculation of surface heat flows from effective elastic thicknesses or brittleductile transition depths. In this sense, the recently presented abundances of potassium and thorium (from which uranium abundances can be estimated from cosmochemical considerations) based on Mars Odyssey Gamma Ray Spectrometer (GRS) data (e.g., Taylor et al., 2006) permit us to refine the calculations of the thermal structure of the Martian crust.
If there are estimations of effective elastic thickness (T e ) and depth to the brittle-ductile transition (Z BDT ) for a particular region and time, then heat flow calculations based on both temperature-in-depth indicators should be (at least roughly) consistent. This potentially permits constraining for the thermal structure and the distribution of heat sources in the lithosphere (Ruiz et al., 2006b ). The Amenthes region ( Fig. 1 ) is therefore adequate for analyzing the thermal structure and thickness of the Martian crust, since estimations of both the brittle-ductile transition depth (Schultz and Watters, 2001;  this work, Section 3) and the effective elastic thickness of the lithosphere (Watters, 2003a; Watters and McGovern, 2006; Milbury et al., 2007; this work, Section 4) are possible for the Late Noachian/Early Hesperian time. As such, we analyze the Late Noachian/Early Hesperian surface heat flow of the Amenthes region by considering homogeneously distributed crustal heat sources, which have abundances based on the latest GRS data reported by Taylor et al. (2006) , and crustal and lithospheric mantle contributions to the total strength, and hence to the effective elastic thickness, of the lithosphere (see Ruiz et al., 2006b ). This permits us to constrain the thickness of the Martian crust in a way independent from previous works. We also consider dry and wet rheologies for the lithosperic mantle. In the following, the theoretical methodologies are described, as well as their application to the Amenthes region.
Temperature profiles
Temperature profiles are calculated by assuming radioactive heat sources homogeneously distributed in the upper crust. This is based on GRS results, which suggest a Martian crust much less geochemically varied than the Earth's crust (Taylor et al., 2006) . Previously, Ruiz et al. (2006b) suggested the existence of a heat-producing element (HPE)-rich upper layer, thinner than the whole crust, for Solis Planum region, on the basis of T e -and Z BDT -based heat flow calculations, but these calculations used HPE abundances based on preliminary GRS data (Taylor et al., 2003a,b) . However, the updated GRS data (Taylor et al., 2006) show lower HPE abundances than those data preliminary reported, and it must be noted that the capability to distinguish a differentiated crustal structure decreases for low HPE abundances (Ruiz et al., 2006b) . So, within the crust, the temperature at depth z is
where T s is the surface temperature, F is the surface heat flow, k c is the thermal conductivity of the crust, and H is the volumetric heat production rate. A linear thermal gradient is assumed for the lithospheric mantle (radiogenic sources are expected to be sparse in the lithospheric mantle, and the heat flow can be assumed constant; e.g., Turcotte and Schubert, 2002) , according to
where T b is the temperature at the base of the radioactive element-rich layer [obtained by using z = z b in Eq. (1)], b is the thickness of the crust, and k m is the thermal conductivity of the lithospheric mantle.
We use a surface temperature of 220 K, the present-day mean surface temperature (Kieffer et al., 1977) , in our calculations. Previous works used different values of the thermal conductivity of the crust, for example: 2 W m − 1 K − 1 (Clifford, 1993; Grott et al., 2005 Kronberg et al., 2007) , 2.5 W m − 1 K − 1 (Solomon and Head, 1990; McGovern et al., 2002 McGovern et al., , 2004 Ruiz et al., 2006a,b) , or 3.2-3.3 W m − 1 K − 1 (Anderson and Grimm, 1998; Schultz and Watters, 2001) . Taking into account the effects of possible composition, porosity, filling materials, and temperature-dependent thermal conductivity, a columnaveraged thermal conductivity of 2 ± 1 W m − 1 K − 1 can be assumed for the upper Martian crust (Clifford, 1993) . Moreover, at temperatures of several hundreds of degrees centigrade a wide variety of crustal rocks have thermal conductivities close to 2 W m − 1 K − 1 (e.g., Bonner et al., 2003) . Thus, a thermal conductivity of 2 W m − 1 K − 1 is used here for the entire crust. On the other hand, the thermal conductivity of the lithospheric mantle is assumed to be 3.5 W m − 1 K − 1 , a value typically used for the terrestrial lithospheric mantle (e.g., Burov and Diament, 1995) .
The volumetric heating rate in the crust depends on both the amount of HPE and time before present. Measurements of potassium and thorium abundances, as well as K/Th ratios, show a wide variation on the surface (Taylor et al., 2006) . In this paper, we use crustal potassium and thorium abundances of 3630 ± 20 and 0.70 ± 0.02 ppm respectively, average values deduced from GRS data for the ancient southern highlands (Taylor et al., 2006) . For uranium abundance, we use a Th/U ratio of 3.6 deduced from SNC meteorite geochemistry (McLennan, 2003) . Absolute age for the beginning of the Late Noachian and the end of the Early Hesperian are 3.8 Ga and 3.6 Ga, respectively, following the cratering chronology of Hartmann and Neukum (2001) . We calculate crustal volumetric heat production rates by using crustal densities between 2700 kg m − 3 and 3100 kg m − 3 , and decay constants from Turcotte and Schubert (2002) , obtaining volumetric heat production rates between 0.46 and 0.60 μW m − 3 (or, equivalently, heat production rates by mass unity between 1.70 and 1.95 × 10 − 4 μW kg − 1 ).
The depth of Amenthes Rupes-related thrust fault
Amenthes Rupes is the largest lobate scarp on Mars, reported to have formed during the Late Noachian/Early Hesperian (e.g., Watters and Robinson, 1999; Watters, 2003b) . Martian lobate scarps are usually interpreted to be large thrust faults (e.g., Watters and Robinson, 1999) , which must deform the crust down to the brittle-ductile transition depth (Schultz and Watters, 2001; . Using the forward modeling procedure, Schultz and Watters (2001) obtained a best fit to the topography of Amenthes Rupes for a depth of faulting of 25-30 km. Through a similar procedure, found a depth of faulting of 32-40 km for this same feature. Since the two results do not overlap, we have also estimated the depth of Amenthes Rupes-related thrust faulting through the forward modeling procedure along a MOLA-based profile from 249.6°W (110.40°E), 1.52°N to 248.62°W (111.38°E), 2.34°N (Fig. 2) .
We used the mechanical dislocation program, Coulomb 2.5 (Lin and Stein, 2004; Toda et al., 2005 ; available online at http:// quake.usgs.gov/research/deformation/modeling/coulomb/), which allows us to predict the surface displacement associated with faulting for a range of significant parameters such as the elastic constants, fault dip and depth, and magnitude and sense of offset along the fault. Application of this model to Mars is described in more detail in Schultz and Lin (2001) and Schultz and Watters (2001) . Comparison of the MOLA 1/128°digital elevation model with the structural topography predicted above a given fault by Coulomb permits the identification of a narrow range of admissible fault dips, depths, and displacements.
For the values of the elastic parameters, a Young's modulus of 100 GPa and a Poisson's coefficient of 0.25 are assumed. Reasonable variations in these parameters do not produce significant variations in the obtained depth of faulting (e.g., Schultz and Watters, 2001) . The MOLA profile perpendicular to the trace of Amenthes Rupes shows a marked topographic offset, with the trailing synclinal depression standing more than 300 m above the leading syncline (Fig. 3a) , which corresponds to the approximate location of the fault surface trace. The Amenthes region generally exhibits a SSW slope. Though the origin of this slope is beyond the scope of this work, the use of the forward mechanical modeling program requires the regional slope to be filtered to obtain a detrended topography. Inspection of the topography in the Amenthes region suggests that a simple linear detrending can be sufficiently accurate in this case ( Fig. 3b and c) .
Comparing the position of the trailing syncline between the MOLA topography and the modeled relief is not useful as a fitting constraint here, because the trailing syncline of the Amenthes Rupes is masked by another nearby (unnamed) scarp located 20 km to the NE (arrow in Fig. 3a) . Therefore, it has been modeled only the relief associated with the main anticline (dashed rectangle in Fig. 3a) . The best fit for the topography of Amenthes Rupes was determined by calculating the l 2 -norm of the difference between the detrended MOLA topography and the predictions of the mechanical dislocation program . Values of root of mean square (RMS) for a range of dip angles (16°-37°, step size of 1°) and depth of faulting (20-52 km, step size of 1 km), and for three fault offsets (D = 1500, 2000 and 2500 m) are shown in Fig. 4 . The calculated topography depends on the slip distribution on the fault surface (e.g., Schultz and Watters, 2001; . Here, an elliptic tapered slip distribution with a linear taper to within 10 km of fault tips has been adopted to avoid stress singularities (Schultz and Watters, 2001) . This choice will be discussed later. Fig. 4a shows that fault offsets of 1500 m yield poor fits (RMS errors larger than 80 m), with the lower values associated with large fault depths (50 km) and fault dip angles (36°). Instead, for fault offsets of 2000 m, the modeled relief better matches the observed topography (minimum RMS value of 58.4 m), although with lower dip angle (23°) and fault depth (33 km). Poorer fits are obtained for fault offsets of 2500 m (Fig. 4c) . Interestingly, the best fitting values for each fault offset seem located along a straight line on the fault depth against fault dip diagrams ( Fig. 4a to c). To illustrate this dependence, Fig. 4d shows the computed minimum RMS errors for fault offsets ranging from 1500 to 2500 (step size of 100 m). The predicted relief for some of these models can be observed in Fig. 3b . Inset in Fig. 4d shows that the modeled relief that best matches the observed topography is obtained for a fault offset of 2200, fault dip of 20°and fault depth of 29 km (black triangle, RMS error value of 58.1 m). The bold line in Fig. 3b corresponds to this specific case. However, a range of fault parameters with similar RMS error values should be considered. The curve of best fitting RMS errors as a function of fault depth (inset in Fig. 4d ) is relatively flat for values lower than 60 m, whereas it has steep branches for values larger than 60 m. This value is therefore a reasonable threshold for the range of admissible RMS errors. Thus, it can be concluded that fault offsets of 1900-2300 m, fault dips of 19°-24°and fault depths of 27-35 km yield the best fitting parameters (Fig. 4d) . have suggested that a triangular-shaped slip profile along the fault could be also considered to calculate surface displacements. RMS values for a triangular taper have been computed here for the same range of parameters than in the elliptic taper case. Results show consistently larger RMS error for the triangular taper. In fact, the minimum estimated RMS error is of 90.7 m, for an offset of 2000 m. Although a triangular-shaped slip profile accurately reflects the shape of the crest of the Rupes, it underestimates the slope at its frontal scarp (Fig. 3c) . Linear offset distributions yield very large RMS errors, and their corresponding models are not presented in this work. Therefore, the results of the elliptical slip distributions are preferred here.
Heat flow from the depth of Amenthes Rupes-related thrust fault
The range for the depth of Amenthes Rupes-related faulting obtained in the previous section (27-35 km) overlaps with, and is somewhat intermediate between, those proposed by Schultz and Watters (2001) and . This depth lies within the crust (see Wieczorek and Zuber, 2004; Neumann et al., 2004) . Moreover, the large depth of faulting suggests that it represents the crustal brittle-ductile transition (Schultz and Watters, 2001; . The temperature at the brittleductile transition depth can be obtained from the temperature dependence of ductile strength. In turn, the knowledge of the temperature at the brittle-ductile transition depth allows the calculation of the surface heat flow by matching to a temperature profile (e.g., Ruiz and Tejero, 2000; Ruiz et al., 2006b) .
The brittle strength is calculated for zero pore pressure, according to the expression
where α is a coefficient depending on the stress regime (which is s for pure compression, appropriate for thrust faulting, and 0.75 for pure tension; e.g., Sibson, 1974; Ranalli, 1997) , ρ is the density, g is the acceleration due to the gravity (3.72 m s − 2 for Mars), and z is the depth. The ductile strength is given by
where e . is the strain rate, A and n are laboratory-determined constants, Q is the activation energy of creep, R (= 8.31447 J mol − 1 K − 1 ) is the gas constant, and T is the absolute temperature. Strain rates of 10 − 16 s − 1 and 10 − 19 s − 1 are used in the calculations, based on the range previously considered for Mars (McGovern et al., 2002 . Terrestrial intraplate strain rates are typically ∼10 − 16 s − 1 (e.g., Tesauro et al., 2007) ; on the other hand, Schultz (2003) , by assuming fault slip rates similar to the terrestrial ones, obtained e . = 10 − 19 -10 − 17 s − 1 for the Amenthes thrust fault population. For creep parameters of the Martian crust we use the constants for the flow law of diabase: A = 0.0612 MPa − n s − 1 , n = 3.05 and Q = 276 kJ mol − 1 (Caristan, 1982) . The use of a "standard" wet diabase for the Martian crust is consistent with extensive evidence for water-related geological activity during the Late Noachian and Early Hesperian (e.g., Head et al., 2001 ). Otherwise, a dry crustal rheology is hardly consistent with the comparison among the evolution of effective elastic thickness of the lithosphere and the thermal history models for Mars (Guest and Smrekar, 2007; Grott and Breuer, 2007) .
By equating the brittle and ductile strength for z = z BDT (where z BDT is the depth to the brittle-ductile transition) the temperature T BDT at the brittle-ductile transition can be obtained. This permits the determination of the surface heat flow solving from Eq. (1),
From Eq. (5) it is clear that the determination of the surface heat flow from the brittle-ductile transition depth does not depend on the total crustal thickness. Fig. 5 shows the surface heat flow deduced from the depth of faulting beneath Amenthes Rupes, as a function of the brittle-ductile transition depth and strain rate. For z BDT = 27-35 km, the heat flow is 26-37 mW m − 2 . Previous works calculating Martian heat flows from effective elastic thicknesses or brittle-ductile transition depths were performed by using linear thermal gradients (with the exception of Ruiz et al., 2006a,b) , which is equivalent to take H = 0 in Eq. (5). Surface heat flows obtained from the depth to the brittleductile transition increases if crustal heat sources are taken into account (Ruiz et al., 2006b; Ruiz, 2007) . So, for comparative purposes, we have calculated thermal gradients and heat flows for zero crustal heat production rate. For z BDT = 27-35 km, we obtain thermal gradients of 9-14 K km − 2 , which still is higher than our results for H = 0. The discrepancy is due to the higher temperature values assumed for the depth of faulting by Schultz and Watters (2001) . These higher temperatures are based on the relation between effective elastic thicknesses and temperature profiles of the oceanic lithosphere (e.g., Watts, 2001) , which integrates the crust and lithospheric mantle and, as a whole, is stronger than the basaltic crust. For diabase rheology, however, we obtain temperatures at the brittle-ductile transition between ∼530 K and ∼610 K, depending on strain rate and (at lesser proportion) crustal density and depth of faulting. Our thermal gradients for H =0 are similar to the values obtained for two lobate scarps in the Thaumasia region by , and to those deduced from the effective elastic thickness of Noachian/Hesperian features .
The heat flows in Fig. 5 , combined with the heat dissipation rate, can be used to place an upper limit on the local crustal thickness. The crustal contribution to the surface heat flow is given by Hb, whereas the remainder must reach the crust from the mantle (see Section 2). Thus, an upper limit on the crustal thickness is imposed by the condition of non-negative mantle heat flow. This upper limit varies depending on the brittle-ductile transition depth, strain rate, crustal density and heat production rate, and it ranges from 47 to 76 km for z BDT =27-35 km. According to the crustal model in Neumann et al. (2004) , the crustal thickness in the Amenthes region ranges between ∼0 and ∼5 km greater than the average crustal thickness of Mars, fixed at 45 km. Our results, therefore, indicate that the average crustal thickness is less than ∼75 km, which is consistent with the estimation of between 38 and 62 km proposed by Wieczorek and Zuber (2004) .
The effective elastic thickness of the lithosphere in the Amenthes region
The present-day topography of the Amenthes region was most probably established during the Late Noachian to Early Hesperian, since it is the time range estimated for the significant tectonic modification observed near the dichotomy boundary that separates the northern lowlands from the southern highlands (Watters, 2003a; Watters and McGovern, 2006) . This is independent of the original dichotomy formational mechanism (s), which was probably active in a much earlier phase of Mars' evolution (e.g., Frey, 2006) . As the effective elastic thickness of the lithosphere refers to the state when the topography was established, this parameter can then be calculated for approximate time of thrust fault formation in this region.
For the Amenthes region or their surroundings, the calculation of the effective elastic thickness has been attempted in several ways. The present-day topography of the dichotomy boundary east of the Amenthes region is consistent with flexure of the highlands (possibly due to loading of the lowlands by massive volcanic deposits), and an effective elastic thickness between ∼ 30 and ∼ 36 km, depending on the assumed densities and elastic parameters (Watters, 2003a; Watters and McGovern, 2006) .
The modeling of the gravity field of an area including Amenthes Rupes by Kiefer (2005) has resulted in an effective elastic thickness lower than 25 km with a best fit of 0 km (Kiefer, 2005) . These low values could be related to the large portion of Noachian-age southern cratered highland terrain included in the analyzed area (as pointed out by Milbury et al., 2007) , as they are similar to those found elsewhere in the southern highlands (McGovern et al., 2002 Grott et al., 2005; Kronberg et al., 2007) .
On the other hand, the admittance modeling of the Amenthes region by Milbury et al. (2007) has found an effective elastic thickness of ∼ 15-35 km (specifically 14-36 km, with a best fit value of 30 km, after their Fig. 4) . The results of this study are relatively independent of the assumed densities for crust and mantle, although they can be influenced by the inclusion of a substantial portion of the northern lowlands in the analyzed area, whose admittance signature may mark the state of the lithosphere at different times and geologic provinces. Indeed, these authors obtained a crustal thickness of 15-40 km for this area, a value similar to those proposed for the lowlands but excessively thin for the highlands (which are ∼ 60 km thick, in average, in the crustal model of Neumann et al. (2004) ). That work used a slightly lower value for the Young's modulus than the value used in this work, which in turn implies somewhat lower effective elastic thickness values when our preferred value is used. In this case, the upper limit in the Fig. 4 of Milbury et al. (2007) should approach 35 km, a value similar to that deduced from flexure of the southern cratered highlands at the dichotomy boundary.
We have performed an independent calculation of the effective elastic thickness in this region for a topography profile from 246.9°W (113.10°E), 9.6°S to 228.9°W (131.1°E), 17.3°N (see location in Fig. 1 ), using a coherence analysis of topography and gravity spectra (e.g., Forsyth, 1985) , which was done by means of the multitaper spectral technique (for a detailed description of this methodology see Simons et al., 2000) . The effective elastic thickness is obtained by comparison of the observed coherence (the analogue of correlation in the wavenumber domain), estimated from gravity and topography, with the coherence theoretically predicted as a function of T e . Topography must be fully compensated by Moho deflection at long wavelengths (coherence equal to 1), whereas at short wavelengths it is compensated by the flexural rigidity of the lithosphere without any Moho deflection (coherence equal to 0). The wavelength at which the transition between low and high coherence values occurs is directly related to the effective elastic thickness of the lithosphere. The explicit relation between transitional wavelength, internal to surface loading ratio and effective elastic thickness has been derived by Simons and van der Hilst (2003) .
The multitaper technique is used here to calculate the power spectral density function (Thomson, 1982) , and provides an optimal spectrum estimate by minimizing spectral leakage while reducing the variance of the estimate by averaging orthogonal eigenspectrum determinations (Lees and Park, 1995) . In order to do this, ideal data windows need to be obtained, whose spectral responses have the narrowest central lobe and the smallest possible sidelobe level. These ideal data windows are given by prolate spheroidal sequences (Slepian, 1978) . The parameter NW, which usually varies from 2 to 4, determines the resolution of the coherence estimations (Simons et al., 2000) .
We have used the same elastic constants values as in Section 3, surface load and mantle densities of 2900 and 3500 kg m − 3 respectively, MOLA 1/128°gridded topography, and Bouguer anomaly , and we assume a constant internal to surface loading ratio equal to 1 for every wavenumber. In order to reduce the profile's noise, a radial averaging of the coherence function has been applied to obtain a smoothed representation of the observed coherence versus wavelength. We obtain, by minimizing the RMS error between the observed and theoretical coherence, best fit effective elastic thicknesses between 19 and 25 km (Fig. 6a). Fig. 6b shows the observed coherence compared with the theoretical curve for an effective elastic thickness of 22 km. For long wavelengths, the observed coherence is lower than the predicted one. This effect has been previously described (e.g. Simons et al., 2000) , and can be attributed to several factors, such as the differences between the starting model and the real crustal structure, or the difficulty in reducing the uncertainty in the relationship between internal and top loads. It can also be observed that theoretical coherence curves do not show any appreciable variation for crustal thicknesses of 40 km [value similar to the lower limit proposed by Wieczorek and Zuber (2004) for the average thickness of the Martian crust] and 70 km (roughly the upper limit found for the Amenthes region in Section 3), which implies that the obtained effective elastic thickness values are nearly independent of the crustal thickness used in the calculations.
Some authors have suggested that the multitaper method can underestimate the effective elastic thickness (e.g., Ojeda and Whitman, 2002; Swain and Kirby, 2003) . For this reason, we took our result as a lower limit. Thus, considering the diverse estimations available, 19-35 km is a conservative range for the effective elastic thickness of the lithosphere of the Amenthes region at the time when the observed topography was formed. These values are higher than the effective elastic thicknesses obtained for Noachian regions (e.g., McGovern et al., 2004) , which support that the present-day topography of the Amenthes region was established roughly simultaneously to the Late Noachian/Early Hesperian tectonic modification of this region.
Heat flow from the effective elastic thickness
The effective elastic thickness is a measure of the total strength of the lithosphere, which integrates contributions from brittle and ductile layers and from the elastic cores of the lithosphere (for reviews see Watts and Burov, 2003) . Effective elastic thicknesses can be converted to heat flows following the equivalent strength envelope procedure described by McNutt (1984) . This methodology is based on the condition that the bending moment of the mechanical lithosphere must be equal to the bending moment of the equivalent elastic layer of thickness T e .The bending moment of the mechanical lithosphere is estimated from its strength envelope and from the curvature of the elastic layer: the link to heat flow comes from the dependence of the ductile strengths on the temperature profile.
The bending moment of a purely elastic plate is
where E is the Young's modulus, K is the topography curvature, T e is the effective elastic thicknesses, and ν is the Poisson's ratio. The bending moment of a mechanical lithosphere with one brittle layer and one ductile layer is given by
where T m is the mechanical thickness of the lithosphere, σ(z) is the least, at depth z, of the brittle strength, the ductile strength, or the fiber stress, and z n is the depth to the neutral stress plane. Brittle and ductile strengths are given by Eqs. (3) and (4), and the fiber stress is calculated from the expression
Additionally, the condition of zero net axial force is imposed,
The strength envelope procedure for a rheologically stratified lithosphere, with several brittle and ductile layers, is more complicated (see, for example, McNutt et al., 1988; Diament, 1992, 1995; Ruiz et al., 2006b,c) . In the case of a lithosphere with mechanically decoupled crust and mantle, the total bending moment is given by
where the subindex refers to the crust and lithospheric mantle contributions to the total bending moment. In addition, the condition of zero net axial force must be imposed to both the crust and lithospheric mantle. (For a more detailed description of the application of this procedure to a lithosphere with mechanically decoupled crust and mantle see Ruiz et al., 2006c.) . The base of the mechanical lithosphere is defined as the depth at which the strength reaches a low value, and below which there are no further significant increases in strength (e.g., McNutt, 1984; Ranalli, 1997) ; here we use a value of 50 MPa (McNutt, 1984) , but the exact selected value does not produce significant changes in the calculations due to the exponential dependence of ductile strength on temperature. Whereas the strength at the top of the mantle is above 50 MPa, we consider a rheologically stratified lithosphere with contributions to the total bending moment (and hence to the effective elastic thickness) from the crust and lithospheric mantle. If the strength at the top of the mantle is under 50 MPa, only the crustal contribution is considered. On the other hand, if the strength at the base of the crust is high enough the crust would be welded to the mantle's top, which would increase the total strength of the lithosphere. In this case, a higher heat flow is needed to achieve a given effective elastic thickness value. This possibility is not considered here, because all of our calculations obtain that the strength of the base of the crust is lower than 50 MPa. We will return to this point later.
Brittle and ductile crustal strengths are calculated as in Section 3. The brittle strength of the lithospheric mantle is calculated for a density of 3500 kg m − 3 , starting from the brittle strength at the base of the crust. The ductile strength of the lithospheric mantle is calculated for dry and wet olivine dislocation creep rheologies. For wet olivine, we use the flow law of the Anita Bay dunite: A = 9550 MPa − n s − 1 , n = 3.35 and Q = 444 kJ mol − 1 (Chopra and Paterson, 1984) . This flow law places a lower limit on the strength of wet olivine due to its relative weakness (compared with other wet dunites, such as Aheim dunite). For dry olivine we use the flow law obtained for artificially dried dunites (which is valid for both Anita Bay and Aheim dunites): A = 28840 MPa − n s − 1 , n = 3.6 and Q = 535 kJ mol − 1 (Chopra and Paterson, 1984) . Strain rates of 10 − 16 and 10 − 19 s − 1 are used for consistency with calculations in Section 3. For the calculation of fiber stress the elastic parameters are taken as E = 100 GPa and ν = 0.25 for both the crust and lithospheric mantle, while the topography curvature, obtained from the maximum value of the second derivative of the regional topography in the profile indicated in Fig. 1, is 2×10 −7 m − 1 . Fig. 7 shows upper and lower limits for the surface heat flow deduced from the effective elastic thickness as functions of the crustal thickness. Also represented is the contribution from radiogenic heat sources in the crust, which marks the maximum crustal thickness permitted by the condition of non-negative mantle heat flow. The upper limits correspond to T e = 19 km, e . = 10 − 16 s − 1 , ρ = 3100 kg m − 3 , H = 0.60 μW m − 3 , and a dry olivine rheology; for crustal thicknesses above 58 km, the strength at the top of the mantle is under 50 MPa, and therefore only crustal strength is considered. The lower limits correspond to T e =35 km, e . = 10 − 19 s − 1 , ρ =2700 kg m − 3 , H =0.46 μW m − 3 , and a wet olivine rheology; in this case, the strength at the top of the mantle is always above 50 MPa.
On the basis of the relatively low gravity of Mars it can be argued that the strength level used to define the base of the mechanical crust should be lower for Mars than for Earth (for example, 10 MPa instead 50 MPa; Ruiz et al., 2006a) . Higher strength levels at the base of the crust are favored for low heat flows, low crustal thickness and high strain rates. But a crust mechanically welded to the upper mantle implies, in turn, a higher heat flow necessary to achieve a given value of the effective elastic thickness. Thus, the decoupled case is useful to put a lower limit to the calculated heat flow. Moreover, we find that only for the cases studied with higher effective elastic thicknesses, low crustal thicknesses (b 55 km for ė = 10 − 16 s − 1 ), and wet mantle rheology, the strength at the base of the crust can be above 10 MPa, although never above ≈ 30 MPa. ), which marks the maximum crustal thickness permitted by the condition of nonnegative mantle heat flow.
The obtained heat flows range from 31 to 49 mW m − 2 . These values are generally higher than those calculated from the depth to the brittle-ductile transition. The implications of this result are analyzed in the following section.
Conclusions: Putting it all together
An important result presented in the previous section is that heat flows obtained for the Amenthes region from the effective elastic thickness are generally higher than those deduced from the depth to the brittle-ductile transition. In fact, we can obtain additional constraints on crustal thickness and thermal and rheological structure of the lithosphere at the Late Noachian/ Early Hesperian, through the analysis of the overlapping between T e -and z BDT -based heat flows. Fig. 8 ompares, for strain rates of 10 − 19 and 10 − 16 s − 1 , heat flows calculated for T e = 35 km and dry and wet mantle rheologies with those obtained for z BDT = 27 km (which are not dependent on mantle rheology); in these calculations ρ =2700 kg m − 3 and H = 0.46 μW m − 3 . For ė =10 − 19 s − 1 (Fig. 8a) there is no overlap between T e -and z BDT -based heat flows. For ė = 10 − 16 s − 1 (Fig. 8b) there is a relatively limited overlap for a wet mantle rheology. Fig. 9 shows the crustal thicknesses for which T e -and z BDT -based heat flows overlap for wet mantle rheology and ė = 10 − 16 s − 1 , as a function of the heat production rate by mass unity (H /ρ) and crustal density; in this figure we use heat production rates normalized by mass unity in order to improve graphical comparison for different densities. The overlap for wet mantle rheology is reduced, or even disappeared, when increasing the crustal density or heat production rate (the maximum overlap corresponds to the case represented in Fig. 8b ). On the other hand, there is no overlap for any case using a dry mantle rheology: our results are therefore clearly inconsistent with a dry olivine rheology for the lithospheric mantle.
Our results limit the brittle-ductile transition depth to be no shallower than 29 km, which is consistent with the faulting depth obtained for Amenthes Rupes by both Schultz and Watters (2001) . Also represented is the contribution to the heat flow arising from radiogenic heat sources in the crust (bold solid line), which marks the maximum permitted crustal thickness. The grey area in Fig. 8b shows the overlap between T e -and z BDT -based heat flow calculations. and this work (see Section 3). Similarly, the effective elastic thickness cannot be lower than 28 km, which is consistent with the results obtained from flexure (Watters, 2003a; Watters and McGovern, 2006) and admittance studies (Milbury et al., 2007) . Our result suggest a surface heat flow of 31-36 mW m − 2 , a wet mantle rheology, and a crustal thickness of 43-74 km, for the Amenthes region at the Late Noachian/Early Hesperian time. The density of the crust should not be higher than ≈2950 kg m − 3 , and higher strain rates are favored.
A wet lithospheric mantle rheology is consistent with the results based on comparative analyses between the evolution of effective elastic thickness through time and the thermal history models for Mars (Guest and Smrekar, 2007; Grott and Breuer, 2007) . As the thickness of the crust in this region is ∼ 0-5 km thicker than the average planetary value , our results suggest an average thickness of ∼ 40-75 km for the Martian crust, which is consistent with the range of 38-62 km obtained by Wieczorek and Zuber (2004) from geophysical and geochemical arguments. For the nominal crustal density of 2900 kg m − 3 used by Neumann et al. (2004) , our results suggest a crustal thickness of 50-63 km for the Amenthes region, and an average crustal thickness of ∼ 45-65 km for Mars. Fig. 10 compares mantle heat flows obtained for T e = 35 km and wet mantle rheology with those obtained for z BDT = 27 km, calculated using e . = 10 − 16 s − 1 , ρ = 2700 kg m − 3 and H = 0.46 μW m − 3 (case equivalent to Fig. 8b ), values maximizing the overlap between T e -and z BDT -based results. The overlap corresponds to mantle heat flows between 1 and 15 mW m − 2 , and the fraction of the surface heat flow originated from crustal heat sources is 0.56-0.98. The low mantle heat flow, compared with that predicted by mantle convection models for Mars (e.g. Hauck and Phillips, 2002) , could be a local (and maybe temporal) phenomenon. Alternatively, the emplacement of a substantial fraction of radioactive heat sources in the crust could have influenced mantle convection, making it more sluggish and decreasing convective heat flow (see Reese et al., 1998) .
Surface temperatures could have been higher in the early Mars (e.g., Fanale et al., 1992) . In this case, heat flows for the Amenthes region would have been lower than those derived in this work. The overlap between T e -and z BDT -based values would also have been reduced, and for T s N 243 K the overlap does not exist. So, this overlap requires surface temperatures well below the water freezing point, and close to the present-day values. This is in accordance with the low near-surface temperatures deduced for most of the past 4 Ga from ALH84001 thermochronology (Shuster and Weiss, 2005) .
In summary, estimations of both the depth to the crustal brittle-ductile transition and the effective elastic thickness of the lithosphere for the Amenthes region permit two sets of independent heat flow calculations for similar epochs, which should (at least roughly) be consistent. This, joined with estimations of radioactive heat production in the crust, has permitted us to sharply constrain surface and mantle heat flow, lithospheric mantle rheology and crustal thickness for the Amenthes region during the Late Noachian/Early Hesperian time.
